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Constitutive Model for Rubberized Concrete Passively 1 
Confined with FRP Laminates 2 
Samar Raffoul1*, David Escolano-Margarit2, Reyes Garcia3, Maurizio Guadagnini4, Kypros Pilakoutas5 3 
ABSTRACT4 
This article develops an analysis-oriented stress-strain model for rubberized concrete (RuC) passively 5 
confined with fiber reinforced polymer (FRP) composites. The model was calibrated using highly 6 
instrumented experiments on 38 cylinders with high rubber contents (60% replacement of the total 7 
aggregate volume) tested under uniaxial compression. Parameters investigated include cylinder size 8 
(100×200mm or 150×300mm; diameter×height), as well as amount (two, three, four or six layers) and type 9 
of external confinement (Carbon or Aramid FRP sheets). FRP-confined rubberized concrete (FRP CRuC) 10 
develops high confinement effectiveness (fcc/fco up to 11) and extremely high deformability (axial strains 11 
up to 6%). It is shown that existing stress-strain models for FRP-confined conventional concrete do not 12 
predict the behavior of such highly deformable FRP CRuC. Based on the results, this study develops a new 13 
analysis-oriented model that predicts accurately the behavior of such concrete. This article contributes 14 
towards developing advanced constitutive models for analysis/design of sustainable high-value FRP CRuC 15 
components that can develop high deformability. 16 
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INTRODUCTION 20 
The deformation capacity of reinforced concrete (RC) elements depends heavily on the compressive 21 
behavior of concrete and, specifically, on the capacity of concrete to develop large axial compressive strains 22 
(Paulay and Priestley 1992). The benefits that the lateral confinement of concrete sections can provide in 23 
terms of both overall strength and ductility enhancement have been demonstrated extensively, and this 24 
concept has been applied to strengthen existing structures (e.g. confinement of columns) as well as to 25 
develop innovative composite systems for new structural solutions (e.g. concrete-filled tubes). Although 26 
steel has been historically used to provide the required lateral confinement, fiber reinforced polymers (FRP) 27 
have been used extensively over the last 20 years as a strengthening solution to enhance the ultimate 28 
compressive strain of concrete cylinders (Mortazavi et al. 2003; Rousakis and Athanasios 2012; Spoelstra 29 
and Monti 1999) and deformability of columns (Garcia et al. 2014). Existing studies have also confirmed 30 
the potential of using FRP to fabricate the external shell of concrete-filled tubes and exploit the benefits of 31 
such a composite solution for the construction of new, high-performance structural elements (Becque et al. 32 
2003, Ozbakkaloglu 2013, Zhang et al. 2015). Despite the demonstrated advantages of the lateral 33 
confinement of concrete, the inherent brittleness of concrete still imposes significant limitations on the 34 
performance of new structural elements and special solutions or components, such as complex 35 
reinforcement detailing (e.g. in coupling beams), bearings or base isolation systems, need to be used 36 
whenever high deformation demand is required.  37 
Extensive research has examined the use of recycled tire rubber to produce rubberized concrete (RuC) in 38 
an attempt to further enhance the deformation capacity of concrete (Bompa et al. 2017; Ganesan et al. 2013; 39 
Li et al. 2004; Toutanji 1996). Rubber from end of life tires has high flexibility and can maintain its volume 40 
under compressive stress. However, when rubber is used to replace natural aggregates, both the compressive 41 
strength and the stiffness of the resulting concrete are expected to reduce as a function of rubber content. 42 
While the reduction in stiffness can be easily dealt with by appropriate dimensioning of section geometry 43 
and element size, the use of a high amount of rubber replacement (e.g. 100% sand replacement) can reduce 44 
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the compressive strength of RuC by up to 90% (Batayneh et al. 2008), thus making RuC potentially 45 
unsuitable for structural applications. To recover the strength of RuC, yet maintain its desirable deformation 46 
capacity, recent studies have investigated the use of different types of confinement to produce confined 47 
rubberized concrete (CRuC). For example, Duarte et al. (2016) showed that rubberized concrete-filled cold-48 
formed steel tubes improved the ductility of columns by up to 50% (rubber replacing 15% of the aggregate 49 
volume). Nevertheless, the steel confinement around RuC columns was less effective than that around 50 
conventional concrete columns with the same confinement. This was attributed to the lower expansion in 51 
RuC produced with such low rubber contents. Moreover, the RuC columns were more prone to local 52 
buckling. Youssf et al. (2014) examined the behavior of RuC-filled Carbon FRP (CFRP) tubes and observed 53 
an enhancement in cylinder compressive strength by 186% when using three CFRP confining layers and a 54 
10% rubber replacement of aggregate volume. Similar results were reported by Li et al. (2011) from RuC 55 
(with 30% rubber replacing fine aggregate volume) cast in Glass FRP (GFRP) pipes, leading to an increase 56 
in compressive strength up to 5.25 times that of the unconfined rubberized concrete (RuC). While the above 57 
confinement led to some improvements in RuC strength, its influence on concrete deformability was limited 58 
when compared to conventional confined concrete (Lam and Teng 2004). This can be attributed to the 59 
relatively low amounts of rubber used in the aforementioned studies, which are insufficient to produce 60 
significant lateral dilation to activate the passive confinement pressure.  61 
The inclusion of high volumes of recycled tire rubber in concrete is associated with various material and 62 
technological challenges, such as poor fresh properties (Flores-Medina et al. 2014; Güneyisi et al. 2004; 63 
Toutanji 1996; Medina et al. 2018). Research by the authors (Raffoul et al. 2016) has shown that some of 64 
these drawbacks can be overcome by optimizing the concrete mix parameters, leading to the development 65 
of RuC with high rubber content (>50% total aggregate content) and good workability, homogeneity and 66 
cohesiveness. More recent research (Raffoul et al. 2017) demonstrated that the external confinement of 67 
such RuC with three layers of Aramid FRP (AFRP) can lead to high strength (>75 MPa) and high 68 
deformability (axial strains >5%). This innovative FRP CRuC can be used for structural applications where 69 
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high concrete deformability is required, e.g. plastic hinge zones or short columns. However, it is necessary 70 
to provide constitutive models suitable for the analysis and design of highly deformable elements. Using 71 
CRuC with high rubber contents, this article develops such a constitutive model for FRP CRuC.  72 
This study begins with a description of the experimental program on 38 cylinders. In the following section, 73 
the experimental results are discussed in terms of the effect of confining material and pressure on the 74 
F\OLQGHUV¶stress-strain behavior. Based on the test results, a unified constitutive model to predict the stress-75 
strain behavior of FRP CRuC is proposed. Concluding remarks of this study are given in the final section. 76 
This article contributes towards the development of analysis/design models so that FRP CRuC can be used 77 
for the development of highly deformable elements. The results presented in this study are part of the 7th 78 
Framework Programme EU-funded Anagennisi project which aims to develop solutions to reuse all tire 79 
components in high value innovative concrete applications (Pilakoutas et al. 2015). 80 
EXPERIMENTAL PROGRAM 81 
A total of 38 RuC cylinders confined with FRP jackets were subjected to axial compression. The main 82 
parameters investigated include the type of FRP material (Carbon or Aramid FRP), confinement pressure 83 
(number of FRP layers) and cylinder size (100×200mm or 150×300mm; diameter×height). 84 
Materials 85 
Χονχρετε 86 
All cylinders were cast with a concrete mix in which 60% of the fine and coarse aggregate volume was 87 
replaced with tire crumbs. Two batches were produced for this study. 7KHVHOHFWHGPL[ZDVµRSWLPL]HG¶LQ 88 
a previous study (Raffoul et al. 2016) that minimized the adverse effects of large quantities of rubber on 89 
the fresh and hardened properties of RuC. The mix components for 1m3 of RuC were: i) 340 kg of High 90 
strength Portland Limestone Cement CEM II±52.5 N (10-15% Limestone) conforming to (BS EN 197-1: 91 
2011); ii)  42.5 kg of Silica Fume (SF) (Microsilica ± Grade 940) and 42.5 kg of Pulverised Fuel Ash (PFA) 92 
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(BSEN 450±1, Class N Category B LOI); iii) two commercially available admixtures: 2.5 liters of 93 
Plasticiser (P) and 5.1 liters of Super Plasticiser (SP) (polycarboxylate polymers conforming to BS EN 934-94 
2:2009); iv) 400.4. kg of Coarse Aggregate (CA): round river washed gravel (Sizes: 5-10 mm and 10-20 95 
mm; Specific gravity: 2.65; Absorption: 1.24%), v) 328 kg of Fine Aggregate (FA): medium grade river 96 
washed sand (Sizes: 0-5 mm; Specific gravity: 2.65; Absorption: 0.5%, Fineness modulus: 2.64); and vi) 97 
rubber particles recycled through mechanical shredding of car and truck tires: 148.5 kg of Fine Rubber (FR) 98 
(sizes: 0-5mm) and 181.3 kg of Coarse Rubber (CR) (sizes 5-10mm and 10-20mm). The water to binder 99 
ratio (w/b) was set to 0.35. The rubber particles were selected to replace mineral aggregates of similar sizes. 100 
The mass of the rubber replacement particles was obtained considering a relative density of 0.80. Although 101 
the properties of the rubber were not directly examined and an inherent variability is expected, previous 102 
studies have confirmed that this has minimal effect on the properties of the resulting concrete (Raffoul et 103 
al. 2017). Table 1 presents average results from uniaxial compressive tests on three 100×200mm RuC 104 
control cylinders at 28 days.  105 
Φιβερ Ρεινφορχεδ Πολψmερ ϑαχκετ 106 
To enhance the compressive strength of the RuC described above, a series of 100×200mm cylinders were 107 
externally confined with two, three or four layers of Carbon FRP (CFRP) or Aramid FRP (AFRP) sheets. 108 
The behavior of larger 150×300mm RuC cylinders confined using three or six CFRP or AFRP layers was 109 
also investigated to assess possible size effect. The number of confining layers for the larger specimens was 110 
determined according to Equation (1) to ensure a confining pressure equivalent to that given by two and 111 
four layers on the 100mm diameter cylinders. Equation (1) assumes that a) a uniform confinement pressure 112 
was applied across the cylinder section (circular geometry), and b) the force in the FRP was equal to the 113 
force resisted by the concrete core. 114 
 ?? ? ????? ?? (1) 
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where fl is the confinement pressure, n is the number of FRP layers, tf is the thickness of one layer of FRP 115 
sheet, ff is the tensile strength of the FRP fibers and D is the cylinder diameter. 116 
At least five small cylinders were tested for each type and number of FRP layers, while two large cylinders 117 
were tested per parameter.  118 
The FRP jackets consisted of unidirectional Aramid or Carbon fabrics embedded in an epoxy matrix. The 119 
FRP jackets were applied using the wet lay-up WHFKQLTXHIROORZLQJWKHPDQXIDFWXUHU¶VUHFRPPHQGDWLRQV, 120 
which led to fiber volume fractions of 30%. The sheets were oriented perpendicular to the cylinder axis and 121 
overlapped by a length of 100 mm. Table 2 summarizes mean properties and corresponding standard 122 
deviation (SD) obtained from direct tensile tests on more than 30 FRP coupons (250 mm×15 mm×tf), 123 
prepared as per BS EN ISO 527-5: 2009. In this table, tf is the dry fiber thickness; ff is the tensile strength; 124 
Ef is the modulus of elasticity; and İfu is the ultimate elongation of the FRP composite.  125 
Experimental Setup, Instrumentation and Load Protocol 126 
Figure 1 shows the typical test setup and instrumentation used for the tests. All specimens (confined or 127 
unconfined) were subjected to axial compression using a servo controlled ESH Universal Testing Machine 128 
of 1,000 kN capacity. The top and bottom of the specimens were confined using aluminum caps to avoid 129 
failure at the end zones of the cylinder due to stress concentrations (Kotsovos and Newman 1981). The caps 130 
were prepared as per ASTM standards (C1231M ± 15). The caps were filled with gypsum, to allow cylinders 131 
to be tightly fitted within the caps and to be accurately leveled to minimize bending induced effects. Vertical 132 
strains were derived using vertical displacements. This was achieved by fixing two parallel aluminum rings 133 
(placed 100 mm apart) around the cylinders (Fig. 1b). The screws used to fix the aluminum rings were fitted 134 
with springs to allow lateral expansion of the cylinders without adding further confinement. During the 135 
tests, three vertical lasers (L1 to L3 in Fig. 2) mounted on the aluminum rings measured the shortening of 136 
the specimens at the center of the cylinders. To determine horizontal strains, the horizontal expansion was 137 
measured using a tensioned wire and a linear variable displacement transducer (LVDT) around the 138 
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specimens¶ mid-height. Three horizontal (H) and two vertical (V) 10mm foil-type gauges measured local 139 
strains along the mid-height of the FRP jacket at the locations shown schematically in Fig. 2.  140 
Two test protocols were applied: i) Monotonic loading at a displacement at a rate of 0.5 mm/min up to 141 
cylinder failure, and ii) consecutive sets of five unloading/reloading load cycles at increasing stress levels 142 
(+10 MPa/set) up to cylinder failure. A displacement rate of 0.5 mm/min was used for the first set of cycles, 143 
after which a rate of 2mm/min was used for all following loading and unloading cycles. At least two 144 
nominally identical small cylinders were tested monotonically, whereas three were subjected to cyclic load 145 
for each thickness and type of FRP. All large cylinders were loaded monotonically, and at least two 146 
cylinders were tested for each parameter. 147 
The coupons were tested using a universal tensile testing machine of 300 kN capacity. All specimens were 148 
tested in tension under a monotonic displacement rate of 0.5mm/min. A 50mm gauge extensometer was 149 
mounted on the center of each coupon to measure its elongation and the data was recorded using a fully 150 
automated data acquisition system.   151 
RESULTS AND DISCUSSION 152 
Table 3 summarizes mean test results from the FRP CRuC specimens. The cylinders are identified 153 
according to the number of confining layers (2, 3, 4 or 6), confining material (A=AFRP or C=CFRP), 154 
loading type (M=monotonic or C=cyclic) and specimen number (1, 2 or 3). A letter (L) after the specimen 155 
number denotes the larger 150×300mm cylinders. For example, 3A-M1-L stands for specimen #1 of a large 156 
cylinder subjected to monotonic load and wrapped with three AFRP layers. Table 3 includes mean values 157 
(Avg) and standard deviations (SD) of: ultimate compressive strength (fcc), ultimate axial (?cc) and lateral 158 
(?ccl) strains, χονφινεmεντ εφφεχτιϖενεσσ (fcc/fco), δυχτιλιτψ (?cc/?co), χριτιχαλ στρεσσ (fcr), as well as the axial 159 
VWUDLQ ODWHUDO VWUDLQ DQG 3RLVVRQ¶V UDWLR DW fcr (?cr, ?lcr, and ?cr, respectively). Table 3 also shows the 160 
confinement stiffness (Kj) provided to each cylinder, calculated using equation (2). 161 
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 ?? ? ????? ?? (2) 
Figure 3a provides a schematic presentation of the aforementioned parameters. The critical stress (fcr) 162 
indicates the initiation of unstable crack propagation and concrete expansion, which activates the confining 163 
jacket leading to a significant change in the gradient of the curve, which depends on the FRP-jacket 164 
stiffness. The value of fcr was defined as the inflection/pivot point of the CRuC secant modulus-stress 165 
relationship (Εsec-fc) (Fig. 3b) at the minimum of its derivative function (dΕsec/dfc,) (Fig. 3c). This inflection 166 
point indicates a shift in the rate of stiffness degradation, which designates the activation of confinement 167 
pressure. Following careful examination of the results, fcr was found to consistently occur when Εsec drops 168 
to around 70% of the confined concrete initial stiffness, which is comparable to the initial stiffness of 169 
unconfined concrete Εco (Fig. 3b). fcc/fco and ?cc/?co were calculated as the ratio of the ultimate stress and 170 
strain of the CRuC to the average peak stress (6.8MPa-8.2MPa) and peak strain (1350??) of the unconfined 171 
RuC cylinders, ρεσπεχτιϖελψ. To accurately capture the initial deformations, axial strains between 0-A were 172 
taken from the two vertical strain gauges V1 and V2 that were more reliable during the initial stages of 173 
loading. This was also necessary since the resolution of the lasers L1-L3 was insufficient to capture 174 
accurately the initial axial deformations. After fcr (point A), excessive localized bulging on the FRP jacket 175 
led to spurious strain gauge readings and therefore the axial strains from A-C were derived from the laser 176 
measurements. The horizontal strains were obtained from average readings from the horizontal gauges H1-177 
H3 and corroborated using LVDT measurements of the wire. The results in Table 3 are discussed in the 178 
following sections. 179 
Υλτιmατε Χονδιτιον ανδ Φαιλυρε Μοδε 180 
All FRP CRuC specimens failed abruptly by tensile rupture of the FRP jackets (see Fig. 4). In all cases, 181 
FRP rupture initiated at approximately the mid-height of the specimens. Overall, the recorded FRP strains 182 
at cylinder rupture (İccl) were below the failure tensile strains measured in the FRP coupons (İfu) (see Table 183 
2 and Table 3). For instance, İccl in AFRP-confined cylinders was around 70-80% of İfu of the AFRP 184 
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coupons, while İccl in CFRP-confined cylinders was 65-95% of İfu of the CFRP coupons. Premature rupture 185 
is also reported in previous studies (Lam and Teng 2004; Matthys et al. 2006) and can be attributed to local 186 
effects (non-homogeneous concrete deformations) leading to stress concentrations in the FRP, as well as to 187 
the effect of jacket curvature, overlap length and fiber misalignment. 188 
Στρεσσ−Στραιν Βεηαϖιορ 189 
Figures 5a-c and d-f compare the stress-strain behavior of AFRP CRuC and CFRP CRuC cylinders, 190 
respectively. The figures show individual stress-strain curves of monotonically loaded cylinders, the 191 
envelope of cyclically loaded cylinders (determined as shown in Fig. 3), as well as average curves for 192 
cylinders with similar FRP confinement. Although an in-depth analysis of the cyclic behavior of CRuC is 193 
outside the scope of this paper and the individual cycles are not reported to preserve clarity, the direct 194 
comparison of monotonic and cyclic results provides evidence that the monotonic behavior approximates 195 
well the envelope curve of the cyclically loaded specimens. This significant finding, which was previously 196 
confirmed for confined conventional concrete (Buyukozturk and Tseng 1984; Chang and Mander 1994; 197 
Lam et al. 2006; Osorio et al. 2013; Rousakis and Tepfers 2001), can allow the development of constitutive 198 
models capable of accounting for the full cyclic response of CRuC. The key parameters governing the cyclic 199 
behavior of CRuC, including the shape of its unloading/reloading curves, stiffness degradation, plastic 200 
deformation and energy dissipation, have been investigated by the authors and are the subject of a in a 201 
separate studyfuture publication.  202 
The results in Fig. 5a-c and d-f show that the axial and lateral stress-strain curves (both monotonic and 203 
cyclic envelope) are similar, and that the curves vary within the acceptable variability of the material. The 204 
data in Table 3 confirm that the ultimate stress and strain of specimens subjected to monotonic and cyclic 205 
load were similar. As expected, the stress-strain curves have an initial linear-elastic branch (controlled by 206 
the unconfined concrete behavior) until the critical stress fcr (line 0-A in Fig. 3). This is followed by a 207 
transition curve (A-B in Fig. 3) and then a linear branch (B-C in Fig. 3)  controlled by the expansion of the 208 
FRP, as discussed in a previous study by the authors (Raffoul et al. (2017)). Beyond fcr, concrete cracking 209 
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increases WKH F\OLQGHUV¶ lateral expansion, thus activating the confinement progressively. As expected, 210 
higher confining pressure led to a steeper branch B-C.  211 
Figures 6a-e provide a schematic presentation of the variation of the main curve parameters including 212 
critical stress (fcr) and strain (İcr), 3RLVVRQ¶V UDWLR ?cr), and confinement stress (fcc/fco) and strain 213 
effectiveness (İcc/İco), as function of confinement stiffness (Kj), respectively. The results in Fig. 6a-b and 214 
Table 3 indicate that an increase in Kj delays concrete cracking, which resulted in higher average fcr and İcr 215 
for both AFRP and CFRP confinement. For example, at a confining stiffness of 975 MPa (2LA), the average 216 
fcr and İcr were 10.7 MPa and 1580 ??, respectively, while at a jacket stiffness of 1950 MPa (4LA), these 217 
values increased to 13.9 MPa and 2010 ??, respectively. The effectiveness of FRP confinement on RuC is 218 
also confirmed by the ratios fcc/fco and İcc/İco. For RuC cylinders confined with four AFRP layers, fcc/fco=10 219 
and İcc/İco=50. Comparatively, for conventional FRP-confined concrete with identical confining pressure, 220 
such values were only fcc/fco=4.2 and İcc/İco=18.5 (Jiang and Teng 2007; Lam and Teng 2003). 221 
Figures 6a-c also show that the increase in fcr due to increasing jacket stiffness was accompanied by a drop 222 
in lateral strain İlcr and, more notably, by lower 3RLVVRQ¶V UDWLRs (?cr) at fcr. For example, ?cr was 223 
approximately 0.42 for Kj=976 MPa (2LA) and it dropped to 0.30 for Kj=1952 MPa (4LA), indicating that 224 
the overall expansion was better controlled in the latter cylinder. Since WKHLQFUHDVHLQ3RLVVRQ¶VUDWLRcan 225 
be used as an indicator of damage (Neville 1995), the above results indicate that increasing confinement 226 
stiffness delayed overall damage. 227 
ΧΦΡΠ ϖσ ΑΦΡΠ Χονφινεmεντ  228 
Figure 7 compares the stress-strain behavior of AFRP and CFRP CRuC cylinders, normalized to the 229 
corresponding unconfined concrete strength (8.2 MPa and 6.8 MPa, respectively). Note that these results 230 
are the average of the individual curves respectively shown in Fig. 5a-c and d-f. The data in Fig. 7 clearly 231 
indicate that for the same number of CFRP or AFRP layers, CFRP jackets provided higher confinement 232 
pressure, which in turn led to a stiffer response in both axial and lateral directions after fcr. This is due to 233 
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the much higher stiffness of a CFRP jacket when compared to an AFRP jacket with the same number of 234 
layers (see Table 3). 235 
The results in Table 3 also show that, in addition to the confining stiffness, the type of material also 236 
influenced the stress-strain behavior at fcr and at the ultimate condition of CRuC. The rate of reduction in 237 
?cr and İlcr as a function of Kj was higher for AFRP CRuC cylinders than for CFRP CRuC cylinders. For 238 
example, for 3LA (Kj=1464 MPa), ?cr was 0.31 and İlcr was 525ȝɸ, whilst despite having a higher jacket 239 
stiffness, cylinders with 2LC (Kj=1665 MPa) exhibited KLJKHU3RLVVRQ¶VUDWLR?cr=0.42) and higher lateral 240 
expansion (İlcr=895ȝɸ) prior to fcr. This indicates that the confining effect of AFRP activated earlier than in 241 
CFRP, thus limiting the RuC expansion more effectively in AFRP-confined cylinders. Similar results were 242 
observed for higher levels of CFRP confinement. For example, cylinders 3LC (Kj=2498 MPa) had higher 243 
İlcr and ?cr (745ȝɸand 0.32, respectively) than cylinders 3LA (Kj=1464 MPa), even when the former had 244 
significantly higher jacket stiffness. 245 
The effect of using different confining FRP material on concrete behavior has been previously discussed in 246 
the literature. Based on tests on conventional concrete cylinders confined with FRP, Dai et al. (2011), 247 
indicated that the efficiency factor (i.e. ratio of ?lcr to ?fu) is significantly higher for AFRP (around 0.93) 248 
than for CFRP (around 0.64). A similar trend was observed by Lim and Ozbakkaloglu (2014), who 249 
examined a large database of experimental data to show that the value of the FRP efficiency factor decreases 250 
as the modulus of elasticity of the fibers increased. Similar results were observed by Teng et al. (2009) 251 
when comparing GFRP to CFRP confined conventional concrete with identical confinement ratios. Despite 252 
the excellent performance of AFRP as confining material, existing studies on AFRP confined concrete are 253 
very limited (Dai et al. 2011; Ozbakkaloglu and Akin 2012; Lim and Ozbakkaloglu 2014) and even fewer 254 
studies compare the effectiveness of AFRP and CFRP confinement (Ozbakkaloglu and Akin 2012; Lim 255 
and Ozbakkaloglu 2014). Overall, the lower effectiveness of the CFRP compared to AFRP can be attributed 256 
to various reasons related to the physical and mechanical characteristics of the materials. These include: i) 257 
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different initial pre-stress during the application of the fibers (due to the lower flexibility of the CFRP 258 
sheets), which leads to the CFRP sheet being less tightly wrapped around the cylinder and the presence of 259 
air voids; ii) higher stiffness in the CFRP, which can lead to higher axial load being transferred to the CFRP 260 
(transversally); iii) minor misalignment of the fibers; and iv) high interlaminar stresses at the FRP overlap, 261 
which could lead to a premature failure (Zinno et al. 2010). Nonetheless, a rational explanation of why the 262 
performance of AFRP/CFRP sheets with identical stiffness differs in confinement applications differs, 263 
remains elusive.  264 
Σιζε Εφφεχτ 265 
To investigate the effect of specimen size, Fig. 8a-b compare the stress-strain behavior of small 266 
(100×200mm) and large (150×300mm) cylinders with similar confining pressure. The data in Fig. 8 is 267 
normalized to the unconfined concrete strength, i.e. 8.2 MPa for the small cylinders confined with 2 or 4 268 
layers of AFRP, and 6.8 MPa for all remaining cylinders cast from the same batch. The data in Fig. 8a-b 269 
show that no significant size effect was observed between 100x200mm and 150x300mm cylinders with 270 
identical confining pressure. For instance, the curves of the large cylinders (3L) are similar to those of the 271 
small cylinders (2L) with identical confinement pressure for both AFRP (Fig. 8a) and CFRP confinement 272 
(Fig. 8b). Although this is in line with previous results reported in the literature (Cui and Sheikh 2010).  273 
further investigation is required to assess the possible influence of specimen size on the confinement 274 
effectiveness in large cylinders or structural components.  275 
ςολυmετριχ Βεηαϖιορ 276 
To provide further insight into the mechanical behavior of FRP CRuC, Fig. 9 compares the average axial 277 
stress of the tested cylinders and their corresponding volumetric strains (?vol), which was calculated as: 278 
 ???? ? ??????? ? ????? (3) 
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where ?lat and ?ax are the absolute lateral and axial strains measured during the tests, respectively. In equation 279 
(3), negative ?vol values denote volumetric contraction. ?vol is determined based on average stress-strain 280 
monotonic and cyclic curves of small (100×200mm) cylinders. 281 
Figure 9 indicates that the CRuC cylinders experienced volumetric contraction at the initial elastic stage. 282 
Such behavior is expected and similar to that observed in conventional FRP-confined concrete (Jiang and 283 
Teng 2007; Papastergiou 2010). However, the volume of the cylinders also continued to reduce at levels of 284 
applied stress exceeding fcr. This behavior is considerably different from that observed in conventional 285 
FRP-confined concrete, which typically expands at stress levels beyond fcr (Jiang and Teng 2007; Lam and 286 
Teng 2003; Papastergiou 2010). The different behavior may be attributed to the ³IOXLGLW\´ of rubber 287 
particles, which possibly filled up the voids left by crushed/pulverized concrete. It should be noted that this 288 
behavior was also observed in a previous experimental study by the authors (Raffoul et al. 2017).  289 
The experimental results from previous sections indicate that, compared to conventional FRP-confined 290 
concrete, FRP CRuC presents unique mechanical characteristics that need to be considered for the 291 
development of constitutive models. These include: i) higher stress and strain enhancement ratios (i.e. fcc/fco 292 
and
 
İcc/İco, respectively); ii) larger cracking strain, thus increased fcr; and iii) continuous volumetric 293 
contraction up to failure. The continuous volumetric contraction yields higher axial stress and strain at 294 
comparatively lower lateral strain than conventional concrete. As a result, much higher axial deformation 295 
can be achieved in CRuC before the ultimate strain capacity (rupture) of the FRP is reached. The following 296 
sections assess the accuracy of relevant existing models at predicting the ultimate condition of FRP CRuC. 297 
An active confinement model that predicts the stress-strain behavior of RuC confined with AFRP/CFRP 298 
sheets is then proposed. 299 
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MODELING OF FRP CRuC 300 
Εξιστινγ Αναλψτιχαλ Μοδελσ φορ ΦΡΠ−Χονφινεδ Χονχρετε 301 
Numerous studies have proposed design or analysis oriented models for conventional FRP-confined 302 
concrete. The latter models (Fardis and Khalili 1982; MC2010; Lam and Teng 2003; Miyauchi et al. 1999; 303 
Mortazavi 2003; Papastergiou 2010; Saadatmanesh et al. 1994; Jiang and Teng 2007; Toutanji 1999) are 304 
considered as more versatile as they a) can be modified to consider different confining materials, and b) 305 
can serve as the basis of simpler design-oriented models (Jiang and Teng 2007). To evaluate the accuracy 306 
of the above analysis-oriented models at predicting the ultimate strength and strain of FRP CRuC, Fig. 10 307 
a and b compare the experimental results (Table 3) and model predictions of fcc/fco. In this figure, the amount 308 
of confinement is expressed as a mechanical volumetric confinement ratio ?w (equation (4)) calculated 309 
using the ultimate lateral strains in the cylinders upon FRP rupture (İccl), as proposed by Mortazavi (2003). 310 
Likewise, Fig. 11 a and b compare the experimental values to predictions of İcc/İco as function of fcc/fco. 311 
 ?? ? ????? ?????????  (4) 
where all the variables are as defined before. 312 
The results in Fig. 10 show that the models by Fardis and Khalili (1982), Lam and Teng (2003), Miyauchi 313 
et al. (1999) and Toutanji (1999) tend to overestimate the strength effectiveness of CRuC as a function of 314 
confinement ratio. This is especially evident for CFRP CRuC as can be seen in Fig. 10b. Conversely, 315 
Saadatmanesh et al. (1994) model underestimates fcc/fco for both AFRP and CFRP CRuC at all levels of 316 
confinement. It is also shown that Papastergiou (2010), Mortazavi (2003) and MC2010 (2010) models 317 
predict satisfactorily the ratios fcc/fco only for heavy AFRP confinement (Ȧw>4). Overall, none of the 318 
aforementioned models can predict satisfactorily the values of both fcc/fco DQGİccİco for FRP CRuC.    319 
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Προποσεδ Μοδελ 320 
Based on regression analyses of the experimental results, a new model for FRP CRuC is proposed in the 321 
following. The model is based on the active confinement model by Mander et al. (1988) (which is a 322 
modified version of Popovics (1973) equations), and on a refined version of an incremental iterative 323 
procedure based on lateral-to-axial strain relationships proposed by Papastergiou (2010). The model by 324 
Mander et al. (1988) was originally developed for steel confined concrete and consists of a family of axial 325 
stress-strain curves at different values of constant lateral confinement pressure applied to the concrete core. 326 
The stress-strain curves can be determined using equations (5) to (7).  327 
 ?? ? ???? ??? ? ? ? ?? (5) 
where   
 
? ? ??????  (6) 
 
? ? ?????? ? ?????  (7) 
where fcc,Ȧ and ?cc,Ȧ represent the ultimate compressive strength and corresponding strain of the actively 328 
confined concrete and Esec,Ȧ is the secant modulus (fcc,Ȧ/?cc,Ȧ) for the corresponding confinement ratio (Ȧwi).  329 
The lateral strain of the FRP jacket was determined following general equation (8) proposed by 330 
Papastergiou (2010) :  331 
 ?? ? ??? ???????? ? ??? ? ?? ????? (8) 
where a and b are empirically calibrated factors, and Ȟ is the concrete (initial) Poisson ratio.  332 
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Based on the equations above, the accurate prediction of fcc,Ȧ, ?cc,Ȧ, a and b is key in establishing a reliable 333 
characterization of lateral-to-axial strain relationships (i.e. the relationship between ?l and ?c), which is 334 
essential to develop a model that can accurately capture the behavior of CRuC confined with different 335 
amounts of FRP.  336 
The following sections provide a brief description of the procedure used to determine the above parameters. 337 
Αξιαλ στρεσσ ανδ στραιν ατ πεακ στρεσσ 338 
A regression analysis of the experimental results was used to capture the strength and strain enhancement 339 
ratios (i.e. fcc,Ȧ/fcr and ?cc,Ȧ/?cr) at different confining pressures. These ratios form the basis of the active 340 
confinement model (equations 5-7) and are varied as function of the confinement ratio (ȦW) at each iteration 341 
(see iterative procedure below).  342 
The ultimate compressive strength (fcc,Ȧ) at each AFRP/CFRP confining ratio can be calculated using 343 
equation (9).   344 
 
???? ? ???????????? ? ????? (9) 
The ultimate strain at peak stress (?cc,?? may be predicted for AFRP and CFRP using equation (10).  345 
 ???? ? ??? ???? ???????? ? ???????? ? ???? (10) 
where fcr and ?cr are the critical stress and strain, respectively and ȕ is an effectiveness factor, determined 346 
as follows.  347 
To capture the elastic behavior and the increase in fcr with increasing jacket stiffness, this model uses fcr (as 348 
opposed to fco as used in Jiang and Teng (2007), Papastergiou (2010) and Toutanji (1999)) to determine the 349 
strength and strain enhancement (fcc,Ȧ/fcr and ?cc,Ȧ/?cr, respectively) at different confining levels. This is due 350 
to the fact that, unlike conventional confined concrete, the onset of cracking in CRuC occurs at a relatively 351 
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higher load (thus increasing the elastic region), which leads to a much higher fcr relative to the elastic stress 352 
of the unconfined concrete (fco), as observed in previous research (Raffoul et al. (2017)). 353 
Based on calibration with test data, the variation in fcr as a function of fco and normalized confinement 354 
stiffness Kjn was determined using equation (11), whereas ?cr was determined as function of Kjn as shown 355 
in equation (12). 356 
 
??? ? ????????????????? ? ??????????? ? ???? (11) 
 
??? ? ????????????????? ? ??????????? ? ??????? (12) 
where Kjn is determined as follows: 357 
 ??? ? ?????? ????? (13) 
where ȕ is an effectiveness factor (calibrated with test data) that accounts for the effect of the type of 358 
confining material on the critical and ultimate stress-strain behavior of CRuC (described in section ³CFRP 359 
vs. AFRP confinement´)%DVHGRQWKHH[SHULPHQWDOGDWDȕ was found to be 0.75 for CFRP and 1.0 for 360 
AFRP confined cylinders, thus indicating a 25% reduction in the effectiveness of the CFRP compared to 361 
AFRP with identical confining stiffness. 362 
Λατεραλ το αξιαλ στρεσσ−στραιν ρελατιονσ 363 
The value of ?l (equation (8)) has a significant influence on the gradient of the linear part of the stress-strain 364 
relationship (slope of line B-C in Fig. 3) and it also controls the convergence of the model. Based on single 365 
and multiple objective genetic algorithm optimization (Chipperfield and Fleming 1995), the optimal 366 
combination of a and b to fit the experimental data of the average plots for all levels of AFRP/CFRP 367 
confinement was obtained. The optimization function criterion was to minimize the error between the 368 
experimental and predicted curves in terms of the area under the curves (both lateral and axial stress-strain 369 
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curves) as well as the ultimate conditions for 2,3 and 4 layers of AFRP and CFRP simultaneously.  Based 370 
on the optimization analysis, a constant value of a=1 was found suitable for all of the tested configurations. 371 
The resulting values of b were found to vary with confining jacket stiffness. As such, equation (14) was 372 
developed to describe the variation of b with Kjn and account for the effect of multiple confining layers and 373 
different FRP material.  374 
 
? ?2.15+0.0045??? (14) 
Ιτερατιϖε προχεδυρε 375 
The proposed analytical model assumes that at a given confinement ratio (Ȧwi), concrete with either passive 376 
or active confinement exhibits similar axial stress and strain values (Jiang and Teng 2007; Papastergiou 377 
2010). Accordingly, the axial stress (fc) for the FRP-confined cylinders at a given axial strain (?c) and 378 
confining pressure (Ȧwi) can be determined using the following iterative procedure: 379 
1. An initial value of axial strain (?c) is imposed (for example, ?c = 500İ).  380 
2. A small initial confining ratio is assumed (Ȧwi=0.001). The corresponding ultimate stress (fcc,Ȧ) and 381 
ultimate strain (?cc,Ȧ) for the current Ȧwi are calculated using equations (9) and (10), respectively. 382 
3. At the assumed confining pressure, the axial stress fc is determined using the base active 383 
confinement model (equation (5)). 384 
4. The lateral strain (?l) is calculated using equation (8) and the corresponding confinement ratio 385 
(Ȧwf) is determined using equation (4), where ?χχl is substituted with the lateral strain of the 386 
corresponding iteration (?l). If Ȧwf coincides with the initial confinement ratio (Ȧwi) applied in step 387 
2, then fc and ?c (determined in steps 3 and 1, respectively) correspond to a point on the predicted 388 
stress-strain curve of the FRP-passively confined concrete. Otherwise, steps 2 to 4 are repeated 389 
using the updated confinement ratio (Ȧwf) until the two ratios converge. 390 
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5. The above steps are then repeated with an incremental increase in ?c to generate the full stress-391 
strain curve for FRP CRuC. The incremental process ends when the lateral failure strain (İccl) of 392 
the FRP confinement is reached (refer to values in Table 3).  393 
Μοδελ Πρεδιχτιονσ 394 
Figures 12 a and b compare the curves predicted by the proposed model and the average experimental 395 
results for AFRP and CFRP CRuC cylinders, respectively. The results indicate that, in general, the model 396 
predicts well the average initial stiffness, critical stress and strain, gradient of the curve and the ultimate 397 
stress and strain values of the tested cylinders.  398 
Figures 13 a and b compare the test results and the predictions of the main curve parameters (ultimate 399 
conditions fcc/fcr and ?cc/?cr, respectively). Fig. 13a-b include data from individual cylinders as well as the 400 
average data used to calibrate the predictive model equations in the previous section. It must be noted that 401 
the model overestimates fcc/fcr and ?cc/?cr for CRuC with light AFRP confinement (2LA), while it 402 
underestimates these values for heavy CFRP confinement (4LC). This slight discrepancy is attributed to 403 
the difficulty of achieving a unified model with a regression that fits perfectly all levels of confinement. An 404 
accurate prediction of the ultimate conditions (fcc and ?cc) requires a simultaneously accurate prediction of 405 
the stress and strain at peak (fcr and ?cr), which is difficult to achieve. The high standard deviation (compared 406 
to typical concrete) can be attributed to the higher variability of aggregate distribution, but also to the fact 407 
that the standard deviation is calculated for a ratio (e.g. ?cc/?cr), which effectively implies that any error in 408 
the prediction of either value further increases the value of deviation. Additional experimental datasets can 409 
be useful to further calibrate values of fcc/fcr and ?cc/?cr for CRuC. Overall, however, the predictions of 410 
ultimate conditions are within the expected variability of the individual test data (see Fig. 13 and Table 3), 411 
with an average standard deviation of 18% for fcc/fcr and 35% for ?cc/?cr. 412 
It should be noted that the proposed model is only applicable for high rubber contents as those used in this 413 
study (60% aggregate volume replacement). To date, research on CRuC with high rubber contents is not 414 
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available in the literature, and therefore further research is necessary to validate the accuracy of the model 415 
using other experimental datasets and to extend the model to other rubber contents. Future research should 416 
also extend the applicability of the proposed model to other widely available confining materials (such as 417 
Glass or Basalt FRP) as well as evaluate the use of internal reinforcement (such as closely spaced stirrups) 418 
for confining RuC in applications where high compressive effectiveness is not required. The lower 419 
effectiveness observed in CFRP CRuC also requires further investigation. Experimental and analytical work 420 
on the cyclic behavior of highly-deformable structural elements made with FRP CRuC has also been 421 
conducted by the authors and will be reported in future publications.  422 
CONCLUSIONS 423 
This article proposes a new analysis-oriented stress-strain model for rubberized concrete (RuC) confined 424 
with FRP composites. The model is calibrated using test results from monotonically and cyclically loaded 425 
RuC cylinders confined externally with 2, 3, 4 or 6 layers of AFRP or CFRP sheets. Based on the results of 426 
this study, the following conclusions can be drawn: 427 
1) FRP-confined RuC (FRP CRuC) made with high rubber volumes (>60% of aggregate replacement) 428 
can develop high compressive strength (up to 100 MPa) and very high deformations (axial strains 429 
of 6%). This innovative concrete can be used to build strong and highly deformable RC components 430 
for structural applications. 431 
2) The confining effect of FRP activates earlier in FRP CRuC than in conventional FRP-confined 432 
concrete, which in turn leads to enhanced strengths and strains in FRP CRuC (enhancement ratios 433 
of 11 and 45, respectively). The better effectiveness of the confinement can be attributed to the 434 
large initial lateral strains in the RuC used in this study, which activates the FRP early. Whilst the 435 
confinement was very effective in enabling the development of high strength and deformability, 436 
the initial stiffness of CRuC is similar to the stiffness of unconfined RuC (around 10 GPa). 437 
Depending on the applications of CRuC, serviceability issues arising from its low stiffness as well 438 
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as its shortening (at fcc) may be resolved by design, e.g. section size or geometry, so as to maintain 439 
adequate stiffness at serviceability limit states, yet develop enhanced deformation capacity and 440 
energy dissipation at ultimate limit states.   441 
3) The test results confirm that, unlike conventional FRP-confined concrete, the volume of the FRP 442 
CRuC cylinders tested in this study undergoes continuous contraction. An increase in the stress at 443 
cracking (fcr) was also observed. Such behavior needs to be considered in the development of 444 
constitutive relations of CRuC. 445 
4) The use of CFRP confining sheets led to lower strengths and strain effectiveness when compared 446 
to AFRP sheets with identical confining jacket stiffness. Future research should investigate the 447 
reasons behind this behavior.   448 
5) Existing stress-strain models for conventional FRP-confined concrete cannot predict the behavior 449 
of the tested FRP CRuC cylinders. The new analysis-oriented model proposed in this study predicts 450 
well the stress-strain relationships of both AFRP and CFRP CRuC (average standard deviation for 451 
predictions of the ultimate conditions <5%). However, future research should validate the accuracy 452 
of this model using other experimental datasets and different types of FRP (e.g. glass or basalt FRP 453 
sheets). 454 
6) The model proposed in this study can be used to predict the envelope curve of CRuC subjected to 455 
a series of unloading and reloading cycles and provides a first step towards defining its full cyclic 456 
constitutive stress-strain behavior.   457 
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NOTATION 463 
The following symbols are used in this paper: 464 
22 
 
D
 
= cylinder diameter;  465 
Eco  = concrete initial modulus of elasticity; 466 
Ef  = FRP tensile modulus of elasticity; 467 
Esec = secant modulus of elasticity of concrete at various stress and strain values; 468 
Esec,Ȧ = secant modulus of actively confined concrete (at fcc,Ȧ and ?cc,Ȧ) for the corresponding Ȧw; 469 
fc  = axial compressive stress in confined/unconfined concrete;  470 
fco  = compressive strength of unconfined concrete;  471 
fcc  = compressive strength of confined concrete;  472 
fcc,Ȧ  = ultimate compressive stress of actively confined concrete at corresponding Ȧw; 473 
fcr = critical stress; 474 
fl  = lateral confinement pressure; 475 
ff  = tensile strength of the FRP coupon; 476 
Kj  = FRP jacket stiffness; 477 
Kjn  = FRP jacket stiffness normalized to the unconfined concrete strength; 478 
ν
 
= number of layers of FRP confinement; 479 
tf  = thickness of one layer of FRP sheet; 480 
?
 
= FRP confinement effectiveness factor; 481 
?ax = cylinder axial strain (in absolute value); 482 
?c = axial strain in confined/unconfined concrete in compression; 483 
?cc = ultimate axial strain in FRP confined concrete in compression; 484 
?cc,Ȧ = ultimate axial strain in actively confined concrete at corresponding Ȧw; 485 ?ccl = ultimate hoop lateral strain in FRP confined concrete in compression; 486 ?co = axial strain at peak stress in the unconfined concrete; 487 ?cr = axial strain in FRP confined concrete at critical stress; 488 
?fu = ultimate elongation of FRP coupons (in direct tension); 489 
?l = lateral strain in confined concrete at different levels of stress; 490 
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?lat = cylinder lateral strain (in absolute value); 491 
?lcr = lateral strain in FRP confined concrete at critical stress; 492 
?vol = volumetric strain; 493 
?
  
= initial 3RLVVRQ¶VUDWLR; 494 
?χρ  = 3RLVVRQ¶Vratio at critical stress; and 495 
Ȧw = mechanical volumetric confinement ratio; 496 
REFERENCES 497 
ASTM Standard C1231/C1231M-15. (2015). ³Standard practice for use of unbonded caps in determination of 498 
compressive strength of hardened cylindrical concrete specimens´ ASTM International, West Conshohocken, 499 
P.A. 500 
%DWD\QHK0.0DULH,DQG$VL,³3URPRWLQJWKHXVHRIFUXPEUXEEHUFRQFUHWHLQGHYHORSLQJFRXQWULHV´501 
Waste Manage., 28(11), 2171±2176. 502 
Becque, J., Patnaik, A. K., and Rizkalla, S. H. (2003). ³Analytical models for confined concrete with FRP tubes.´ J. 503 
Compos. Constr., 10.1061/(ASCE)1090-0268, 7(1), 31±38. 504 
Bompa, D. V., Elghazouli, A. Y., Xu, B., Stafford, P. J., and Ruiz-7HUDQ$0³([SHULPHQWDODVVHVVPHQW505 
DQGFRQVWLWXWLYHPRGHOOLQJRIUXEEHULVHGFRQFUHWHPDWHULDOV´Constr. Build. Mater., 137, 246±260. 506 
%X\XNR]WXUN 2 DQG 7VHQJ 7  ³&RQFUHWH LQ %LD[LDO &\FOLF &RPSUHVVLRQ´ J. Struct. Eng., 507 
10.1061/(ASCE)0733-9445(1984)110:3(461), 461±476. 508 
&KDQJ*DDQG0DQGHU-%³6HLVPLF(QHUJ\%DVHG)DWLJXH'DPDJH$QDO\VLV RI%ULGJH&ROXPQV(?3DUW509 
- (YDOXDWLRQRI6HLVPLF&DSDFLW\E\´NCEER Technical Report No. NCEER-94-0006; State University of New 510 
York, Buffalo, New York. 511 
&KLSSHUILHOG$-DQG)OHPLQJ3-³7KH0$7/$%JHQHWLFDOJRULWKPWRROER[´,(7 512 
Cui, CDQG6KHLNK6$ ³([SHULPHQWDOVWXG\RIQRUPDO-and high-strength concrete confined with fiber-513 
UHLQIRUFHGSRO\PHUV´J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000116, 553±561. 514 
'DL-%DL<DQG7HQJ- ³%HKDYLRUDQGPRGHOLQJRf concrete confined with FRP composites of large 515 
GHIRUPDELOLW\´J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000230, 963±974. 516 
'XDUWH$3&6LOYD%$6LOYHVWUH1GH%ULWR--~OLR(DQG&DVWUR-0³7HVWVDQGGHVLJQRIVKRUW517 
sWHHOWXEHVILOOHGZLWKUXEEHULVHGFRQFUHWH´Eng. Struct., 112, 274±286. 518 
BSI (British Standards Institution). ( ³Cement, Composition, Specifications and Conformity Criteria for 519 
Common Cements.´BS EN 197-1: 2011, London, England. 520 
)DUGLV 0 1 DQG .KDOLOL + +  ³)53-HQFDVHG FRQFUHWH DV D VWUXFWXUDO PDWHULDO´ Mag. Concrete Res., 521 
34(121), 191±202. 522 
fib Model Code (Fédération internationale du béton). (2010). Model Code for Concrete Structures 2010. Berlin, 523 
Germany.  524 
Flores-Medina, D., Medina, N. F., and Hernández-2OLYDUHV)³6WDWLFPHFKDQLFDOSURSHUWLHVRIZDVWHUHVWVRI525 
recycled rubber and high quality recycled rubber from crumbed tyres used as aggregate in dry consistency 526 
FRQFUHWHV´Mater. Struct., 47(7), 1185±1193. 527 
*DQHVDQ15DM% DQG6KDVKLNDOD$3 ³%HKDYLRURI6HOI-Consolidating Rubberized Concrete Beam-528 
&ROXPQ-RLQWV´ACI Mater. J, 110(6), 697±704. 529 
24 
 
Garcia, R., Jemaa, Y., Helal, Y., Guadagnini, M., and Pilakoutas, K. (2³6HLVPLF6Wrengthening of Severely 530 
Damaged Beam-&ROXPQ5&-RLQWV8VLQJ&)53´J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000448, 531 
18(2), 04013048. 532 
*QH\LVL ( *HVR÷OX 0 DQG g]WXUDQ 7  ³3URSHUWLHV RI UXEEHUL]HG FRQFUHWHV FRQWDLQLQJ VLOLFD IXPH´533 
Cement Concrete Res., 34(12), 2309±2317. 534 
-LDQJ7DQG7HQJ-*³$QDO\VLV-oriented stress±strain models for FRP±FRQILQHGFRQFUHWH´Eng. Struct., 535 
29(11), 2968±2986. 536 
.RWVRYRV0'DQG1HZPDQ-%³(IIHFWRIERXQGDU\FRQGLWLRQVXSRQ the behaviour of concrete under 537 
FRQFHQWUDWLRQVRIORDG´Mag. Concrete Res., 33(116), 161±170. 538 
/DP/DQG7HQJ-*³'HVLJQ-oriented stress±strain model for FRP-FRQILQHGFRQFUHWH´ Constr. Build. 539 
Mater., 17(6), 471±489. 540 
Lam, L., and Teng, J. G. ³8OWLPDWHFRQGLWLRQRI ILEHU UHLQIRUFHGSRO\PHU-FRQILQHGFRQFUHWH´ J. Compos. 541 
Constr., 10.1061/(ASCE)1090-0268(2004)8:6(539), 539±548. 542 
/DP/7HQJ-*&KHXQJ&+DQG;LDR<³)53-FRQILQHGFRQFUHWHXQGHUD[LDOF\FOLFFRPSUHVVLRQ´543 
Cement Concrete Comp., Elsevier, 28(10), 949±958. 544 
Li, G., Pang, S.-6DQG,EHNZH6,³)53WXEHHQFDVHGUXEEHUL]HGFRQFUHWHF\OLQGHUV´Mater. Struct., 44(1), 545 
233±243. 546 
/L*6WXEEOHILHOG0$*DUULFN*(JJHUV-$EDGLH&DQG+XDQJ%³'HYHORSPHQWRIZDVWHWLUH547 
PRGLILHGFRQFUHWH´Cement Concrete Res., 34(12), 2283±2289. 548 
Lim, J.C. and Ozbakkaloglu, T. (2014). ³Confinement model for FRP-confined high-strength concrete´ J. Compos. 549 
Constr., 18 (4), 10.1061/(ASCE)CC.1943-5614.0000376, 04013058. 550 
0DQGHU-%3ULHVWOH\0-1DQG3DUN5³7KHRUHWLFDOVWUHVV-VWUDLQPRGHO IRUFRQILQHGFRQFUHWH´ J. 551 
Struct. Eng., 114(8), 1804±1826. 552 
0DWWK\V67RXWDQML+DQG7DHUZH/³6WUHVV± Strain Behavior of Large-Scale Circular Columns Confined 553 
ZLWK)53&RPSRVLWHV´J. Struct. Eng., 10.1061/(ASCE)0733-9445(2006)132:1(123), 123±133. 554 
Medina, N.F., Garcia, R., Hajirasouliha, I., Pilakoutas, K., Guadagnini, M., and Raffoul, S. (2018³Composites with 555 
recycled rubber aggregates: properties and opportunities in construction.´Constr. Build. Mater., 188, 884-897. 556 
Miyauchi, K., Inoue, S., Kuroda, T., and Kobayashi, $³6WUHQJWKHQLQJHIIHFWVZLWKFDUERQILEHUVKHHW IRU557 
FRQFUHWHFROXPQ´Proc. Jpn. Concr. Inst., 21(3), 1453±1458. 558 
Mortazavi, A.A. (2003). Repair/stregthening of RC columns with FRP.  PhD Thesis, University of Sheffield. 559 
Mortazavi, A. A., PilakoutDV.DQG6RQ.6³5&FROXPQVWUHQJWKHQLQJE\ODWHUDOSUH-WHQVLRQLQJRI)53´560 
Constr. Build. Mater. 17(6), 491-497. 561 
1HYLOOH$0³3URSHUWLHVRI&RQFUHWH´3HDUVRQ(GXFDWLRQ/LPLWHG(VVH[(QJODQG 562 
Osorio, E., Bairán, J. M., and 0DUt$5³/DWHUDOEHKDYLRURIFRQFUHWHXQGHUXQLD[LDOFRPSUHVVLYHF\FOLF563 
ORDGLQJ´ Mater. Struct., 46(5), 709±724. 564 
Ozbakkaloglu, T. (2013). ³Compressive behavior of concrete-filled FRP tube columns: Assessment of critical column 565 
parameters´Eng. Struct., 51, 188±199. 566 
2]EDNNDORJOX7DQG$NLQ(³%HKDYLRURI)53-Confined Normal- and High-Strength Concrete under 567 
&\FOLF$[LDO&RPSUHVVLRQ´ J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000273, 451±463. 568 
3DSDVWHUJLRX 3  ³$ FRQILQHPHQW PRGHO IRU FRQFUHWH ZUDSSHG RU SUHWHQVLRQHG ZLWK )53 3K' 7KHVLV´569 
University of Sheffield. 570 
Paulay, T., and Priestley, M. J. N. (1992). Seismic Design Of Reinforced Concrete And Masonry Buildings. John Wiley 571 
& Sons, Inc. 572 
Pilakoutas, K., Raffoul, 63DSDVWHUJLRX3*DUFLD5*XDGDJQLQL0DQG+DMLUDVRXOLKD,³$study of the 573 
25 
 
reuse of all tyre components in concrete: The Anagennisi Project´ International conference on sustainable 574 
structural concrete, La Plata, Argentina, Argentina. 575 
Popovics, S. (1973). ³$ numerical approach to the composite stress-strain curve of concrete´ Cem. and Concr. Res., 576 
3(5): 583-599. 577 
Raffoul, S., Garcia, R., Escolano-Margarit, D., Guadagnini, M., Hajirasouliha, I., and Pilakoutas, K. (2017). 578 
³%HKDYLRXURIunconfined and FRP-FRQILQHGUXEEHULVHGFRQFUHWHLQD[LDOFRPSUHVVLRQ´ Constr. Build. Mater., 579 
147, 388±397. 580 
5DIIRXO 6 *DUFLD 5 3LODNRXWDV . *XDGDJQLQL 0 DQG 0HGLQD 1 )  ³2SWLPLVDWLRQ RI UXEEHULVHG581 
concrete with high rubber content: An H[SHULPHQWDOLQYHVWLJDWLRQ´ Constr. Build. Mater., 124, 391-404. 582 
5RXVDNLV7&DQG$WKDQDVLRV.,³$GHTXDWHO\)53FRQILQHGUHLQIRUFHGFRQFUHWHFROXPQVXQGHUD[LDO583 
FRPSUHVVLYHPRQRWRQLFRUF\FOLFORDGLQJ´Mater. Struct., 45, 957±975. 584 
RousakLV 7 DQG7HSIHUV 5  ³([SHULPHQWDO LQYHVWLJDWLRQ RI FRQFUHWH F\OLQGHUV FRQILQHG E\ FDUERQ )53585 
VKHHWVXQGHUPRQRWRQLFDQGF\FOLFD[LDOFRPSUHVVLYHORDG´Research Rep., 44, 1±87. 586 
Saadatmanesh, H., Ehsani, M. R., and Li, M.-::³6WUHQJWKDQGGXFWLOLW\RIFRQFUHWHFROXPQVH[WHUQDOO\587 
UHLQIRUFHGZLWKILEHUFRPSRVLWHVWUDSV´ACI Struct. J., 91(4), 434±447. 588 
6SRHOVWUD05DQG0RQWL*³)53-FRQILQHGFRQFUHWHPRGHO´ J. Compos. Constr., 1090-0268/99/0003-589 
0143±0150/, 143±150. 590 
7HQJ-*+XDQJ<//DP/<H/3/DP/<H/3/DP/DQG<H/3³7KHRUHWLFDOPRGHO591 
for fiber-reinforced polymer-FRQILQHG FRQFUHWH´ J. Compos. Constr., 0.1061/_ASCE_1090-592 
0268(2007)11:2(201), 201±210. 593 
7HQJ-*-LDQJ7/DP/DQG/XR<=³5HILQHPHQWRIDGHVLJQ-oriented stress±strain model for FRP-594 
FRQILQHGFRQFUHWH´ J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000012 , 269±278. 595 
ToutaQML+$³7KHXVHRIUXEEHUWLUHSDUWLFOHVLQFRQFUHWHWRUHSODFHPLQHUDODJJUHJDWHV´Cement Concrete 596 
Comp., 18(2), 135±139. 597 
7RXWDQML+$ ³6WUHVV-strain characteristics of concrete columns externally confined with advanced fiber 598 
compoVLWHVKHHWV´ACI Mater. J., American Concrete Institute, 96(3), 397±404. 599 
<RXVVI 2 (O*DZDG\ 0 $ 0LOOV - ( DQG 0D ;  ³$Q H[SHULPHQWDO LQYHVWLJDWLRQ RI FUXPE UXEEHU600 
FRQFUHWHFRQILQHGE\ILEUHUHLQIRUFHGSRO\PHUWXEHV´ Constr. Build. Mater., 53, 522±532. 601 
Zhang, B., Yu, T., and Teng, J. G. (2015). ³Behaviour of concrete-filled FRP tubes under cyclic axial compression´ 602 
J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.0000523, 19(3). 603 
Zinno, A., Lignola, G. P., Prota, A., Manfredi, G., and Cosenza, E. (2010). ³Influence of free edge stress concentration 604 
on effectiveness of FRP confinement´ Compos. Part B: Eng., 41(7), 523-532. 605 
 606 
 607 
 608 
 609 
  610 
26 
 
Λιστ οφ Φιγυρεσ 611 
Fig. 1. Typical test setup for compression tests on FRP CRuC cylinders 612 
Fig. 2. Schematic view of instrumentation: a) plan view and b) elevation 613 
Fig. 3. Schematic representation of a) the strain-stress performance of CRuC, b) the variation of Εc as 614 
function of stress, and c) its derivative function 615 
Fig. 4. Typical failure modes for a) AFRP or b) CFRP CRuC 616 
Fig. 5. Behavior of AFRP CRuC (a, b and c) and CFRP CRuC (d, e and f) 617 
Fig. 6. Variation in critical stress and strain, Poisson's ratio and confinement stress and strain effectiveness 618 
as function of confinement stiffness 619 
Fig. 7. Average normalized stress-strain behavior of RuC cylinders confined with 2, 3 and 4 layers of CFRP 620 
or AFRP 621 
Fig. 8. Average normalized stress-strain behavior of small and large cylinders confined with AFRP (a) and 622 
CFRP (b) 623 
Fig. 9. Average volumetric strains for small cylinders confined with AFRP/CFRP 624 
Fig. 10. Experimental results and existing model predictions of fcc/fco for: a) AFRP and b) CFRP CRuC 625 
cylinders 626 
Fig. 11. Experimental results and existing model predictions of İccİco for: a) AFRP and b) CFRP CRuC 627 
cylinders 628 
Fig. 12. Experimental stress-strain curves and model predictions for a) AFRP and b) CFRP CRuC 629 
Fig. 13. Performance of proposed model in predicting strength (a) and strain (b) enhancement ratios  for 630 
AFRP and CFRP CRuC 631 
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Table 1. Mean mechanical properties of RuC at 28-days 635 
Table 2. Mechanical properties of FRP composites based on direct (tensile) coupon tests 636 
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Table 1. Mean mechanical properties of RuC at 28-days 640 
Compressive strength 
(MPa) 
Strain at peak strength 
(µİ) 
Modulus of elasticity 
(GPa) 
Mean SD Mean SD Mean SD 
7.6 1.3 1350 200 10.3 1.8 
 641 
  642 
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Table 2. Mechanical properties of FRP jackets based on direct tensile coupon tests 643 
Fiber type No. of layers 
tf 
(mm) 
ff 
(MPa) 
ff, AVG 
(MPa) 
Ef 
(GPa) 
Ef,AVG 
(MPa) 
İfu 
(%) 
İfu,AVG 
(%) 
Aramid 
2L 0.40 2410 2430 
(260*) 
116 122 
(16*) 
2.08 2.06 
(0.11*) 3L 0.60 2705 140 1.94 4L 0.80 2180 110 2.16 
Carbon 
2L 0.37 2040 2065 
(80*) 
242 225 
(12*) 
0.84 0.90 
(0.07*) 3L 0.56 2000 220 0.88 4L 0.74 2150 220 0.98 
   *Standard Deviation  644 
 645 
  646 
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Table 3. Main test results from cylinders 647 
ID Kj (MPa) 
fcc 
(MPa) 
Avg 
(SD) 
fcr 
(MPa) 
Avg 
(SD) 
İcc 
(%) 
Avg 
(SD) 
İcr 
(%)
 
Avg 
(SD) 
İccl 
(%) 
Avg 
(SD) 
İlcr 
(%) 
Avg 
(SD) 
vcr 
 
Avg 
(SD) 
fcc/fco 
(Avg) 
İcc/İco 
(Avg) 
2A-M1 
976 
39.9 
40.1 
(2.8) 
8.1 
10.7 
(2.2) 
3.78 
3.90 
(0.48) 
0.102 
1580 
(485) 
1.42 
1.55 
(0.22) 
0.040 
665 
(305) 
0.39 
0.36 
(0.08) 
 
5.9 
(0.4) 
28.9 
(3.6) 
2A-M2 44.6 8.7 4.60 0.116 1.93 0.033 0.28 
2A-C1 39.5 11.7 4.16 0.221 1.51 0.067 0.32 
2A-C2 39.6 12.9 3.40 0.201 1.44 0.093 0.46 
2A-C3 37.0 12.1 3.58 0.161 1.44 - - 
3A-M1 
1464 
73.5 
69.9 
(2.6) 
12.8 
13.5 
(3.1) 
  
4.97 
5.41 
(0.45) 
0.125 
1800 
(555) 
1.62 
1.57 
(0.24) 
0.052 
525 
(80) 
0.42 
0.31 
(0.09) 
8.5 
(0.3) 
40.1 
(3.4) 
3A-M2 66.2 11.2 5.51 0.162 1.40 0.065 0.40 
3A-C1 70.2 18.6 4.96 0.273 1.29 0.054 0.20 
3A-C2 69.8 11.2 6.02 0.183 1.90 0.049 0.27 
3A-C3 69.6 13.7 5.61 0.159 1.62 0.043 0.27 
4A-M1 
1952 
101.4 
92.5 
(5.0) 
15.3 
13.9 
(1.8) 
7.25 
6.05 
(0.76) 
0.272 
2010 
(510) 
1.80 
1.63 
(0.15) 
0.065 
580 
(140) 
0.24 
0.30 
(0.07) 
11.3 
(0.6) 
44.8 
(5.6) 
4A-M2 90.7 13.6 5.56 0.237 1.39 0.070 0.30 
4A-C1 89.8 11.6 5.49 0.170 1.61 0.045 0.26 
4A-C2 90.1 13.0 6.36 0.158 1.71 0.041 0.26 
4A-C3 90.3 16.1 5.58 0.167 1.64 0.070 0.42 
3A-M1-L 
976 
36.1 36.3 
(0.3) 
9.9 9.8 
(0.2) 
3.42 3.33 
(0.1) 
0.196 1550 
(590) 
1.46 1.43 
(0.0) 
0.062 525 
(135) 
0.32 0.35 
(0.05) 
5.3 
(0.0) 
24.7 
(0.9) 3A-M2-L 36.5 9.6 3.24 0.113 1.40 0.044 0.38 
6A-M1-L 
1952 
73.7 73.0 
(1.1) 
16.2 13.6 
(3.7) 
6.03 5.78 
(0.3) 
0.265 2495 
(220) 
1.20# 1.53# 
(0.5) 
0.073 685 
(55) 
0.27 0.28 
(0.01) 
10.7 
(0.2) 
42.9 
(2.6) 6A-M2-L 72.2 11.0 5.54 0.234 1.86 0.065 0.28 
31 
 
2C-M1 
1665 
33.6 
33.1 
(2.4) 
11.2 
12.0 
(1.0) 
2.69 
2.30 
(0.47) 
0.160 
2150 
(695) 
0.74 
0.76 
(0.10) 
0.073 
895 
(305) 
0.45 
0.42 
(0.07) 
4.9 
(0.4) 
17.1 
(3.4) 
2C-M2 29.8 11.4 1.73 0.181 0.62 0.063 0.35 
2C-C1 34.2 11.4 1.96 0.159 0.79 0.069 0.43 
2C-C2 36.0 12.4 2.83 0.316 0.90 0.110 0.35 
2C-C3 31.7 13.6 2.30 0.259 0.73 0.133 0.51 
3C-M1 
2498 
46.4 
49.3 
(2.0) 
- 
12.3 
(3.2) 
2.56 
2.82 
(0.65) 
- 
2250 
(685) 
0.75 
0.82 
(0.20) 
- 
745 
(320) 
- 
0.32 
(0.07) 
7.3 
(0.3) 
22.4 
(3.9) 
3C-M2 51.2 16.0 2.63 0.292 0.85 0.100 0.34 
3C-C1 49.9 13.3 3.20 0.193 0.88 0.072 0.37 
3C-C2 49.6 11.6 3.69 0.270 1.09 0.097 0.36 
3C-C3 28.6# 8.4 2.00# 0.145 0.58# 0.030 0.21 
4C-M1 
3330 
63.7 
59.8 
(6.3) 
15.4 
14.5 
(1.9) 
4.07 
3.57 
(0.56) 
0.275 
2305 
(270) 
0.85 
0.77 
(0.19) 
0.059 
550 
(175) 
0.21 
0.24 
(0.07) 
8.8 
(0.9) 
26.4 
(4.1) 
4C-M2 61.6 15.4 3.24 0.214 0.81 0.058 0.27 
4C-C1 49.9 16.7 3.01 0.235 0.55 0.080 0.34 
4C-C2 57.9 12.4 3.26 0.206 0.61 0.034 0.17 
4C-C3 66.1 12.8 4.26 0.222 1.02 0.044 0.20 
3C-M1-L 
1665 
29.6 30.2 
(0.9) 
11.4 12.1 
(1.0) 
1.96 2.05 
(0.1) 
- 
- 
0.48 0.58 
(0.1) 
0.080 735 
(88) 
- 
 - 
4.4 
(0.1) 
15.2 
(1.0) 3C-M2-L 30.8 12.8 2.15 0.261 0.68 0.068 0.26 
6C-M1-L 
3330 
58.0 58.8 
(1.2) 
14.1 14.2  
(0.2) 
3.19 3.35 
(0.2) 
0.213 2470 
(480) 
0.87 0.78 
(0.1) 
0.069 695 
(10) 
0.32 0.29 
(0.05) 
8.7 
(0.2) 
24.8 
(1.7) 6C-M2-L 59.7 14.4 3.51 0.281 0.70 0.071 0.25 
#
 Premature failure of test set-up or instrumentation 648 
